Adrenal collision tumors (ACTs) refer to coexistence of two adjacent, but histologically distinct neoplasms involving the adrenal gland without histologic admixture at interface. ACTs include adenoma with myelolipoma, adenoma with metastases, hemangioma with adenoma, and adrenocortical carcinoma with myelolipoma. In addition, hemorrhage into a pre-existing adrenal mass can mimic an ACT, and it is important to differentiate these two pathologies. Accurate characterization of ACTs is difficult, but critical, for correct staging of patients with malignancies and to guide percutaneous biopsy. Magnetic resonance imaging (MRI) and multidetector computed tomography imaging techniques may depict different tumor components separately; however, biopsy may be required in selected patients for confirmation. [
Introduction
The extensive use of cross-sectional imaging studies has led to the increased detection of unexpected adrenal lesions in asymptomatic patients. Benign adenomas are the most common adrenal tumors, with a reported incidence of 2% to 8% in patients at autopsy, followed by metastatic disease [1, 2] . Adrenal collision tumor (ACT) is an infrequently described tumor entity, comprising two different neoplasms that coexist adjacent to one another within a single adrenal mass [3, 4] . ACTs are rare tumors whose actual prevalence is unknown, despite the relatively high incidence of both benign and metastatic lesions of adrenal glands; however, many ACTs may go undetected because of the small size of one component and/or sampling error [46] . With the detection of an ACT, the major diagnostic problem is to exclude the possibility of malignancy in one or both of the components. Further characterizing these lesions is particularly important in patients with a known extra-adrenal primary malignancy for proper staging, management, and prognosis [4, 7] . The distinction between benign and malignant neoplasms is generally based on the imaging characteristics demonstrated on cross-sectional imaging modalities, including multidetector computed tomography (MDCT), magnetic resonance imaging (MRI), and hybrid nuclear medicine techniques such as positron emission tomography (PET)/computed tomography (CT). Percutaneous biopsy may still be required in some of the patients for definitive diagnosis, even after extensive work-up with imaging studies. Occasionally, intralesional hemorrhage within an adrenal neoplasm may mimic an ACT, and it is important to differentiate this entity from ACT to avoid aggressive management.
In this article we discuss the cross-sectional imaging findings of different types of ACTs, and the role of the wide array of imaging techniques available for definitive diagnosis. In addition, differentiating features between the ACTs and their mimics are discussed.
Classification
ACTs are defined as the coexistence of two adjacent, but histologically distinct tumors of the adrenal gland without a substantial histologic admixture at the interface [3] . By contrast, composite tumors are neoplasms with an intimate admixture of two different cell types [3, 6] . The components of an ACT may consist of two benign or two malignant tumors, or a benign lesion in contiguity with a malignant lesion. Each ACT is given a name based on the cell types within that particular tumor. The most commonly reported ACT comprises an adenoma and a myelolipoma [4] . However, ACTs composed of adenoma and metastases (typically from lung and breast carcinomas and melanoma) are the most problematic in terms of diagnosis and appropriate patient management [4] . In addition, various other ACTs, such as adenoma and pheochromocytoma or hemangioma, adrenocortical carcinoma and metastases or myelolipoma, adrenal carcinosarcoma and metastases, and myelolipoma and Hodgkin lymphoma, have been described in the literature, mostly as individual case reports [5, 811] . Adrenal carcinosarcoma is one of the classic examples of composite tumor; in this tumor, both components may develop simultaneously, or from a sarcomatous change in an existing adrenal carcinoma [12] . Similarly, metastasis in a pre-existing adenoma may be the cause of a composite tumor with admixture of both components.
Pathogenesis and pathologic findings
The pathogenesis of ACTs has been debated, as the limited number of cases reported precludes detailed analysis of their etiology. Two theories have been postulated to describe their pathogenesis. The first and the simplest explanation is that two different primary tumors merely occur together by chance. A second hypothesis supposes that a single carcinogenic stimulus alters a particular region in the adrenal gland, allowing two separate tumors to occur in contiguity, or the presence of one tumor may alter the local environment, providing a fertile ground for the development of a second tumor [4, 5] . Schwartz et al. [4] hypothesized that given the high prevalence of adrenal adenomas and the incidence of metastatic disease to the adrenal gland, the development of ipsilateral metastases adjacent to an existing adenoma would not be uncommon. Moreover, as the adrenal gland is small in size, two adrenal lesions are more likely to be in contiguity with one another. On gross pathologic examination of ACTs, the presence of yellow nodules indicates a lipomatous and typically benign component, while necrotic and hemorrhagic areas are suggestive of malignancy [13] . Histologically, ACTs demonstrate two different cell types with no significant admixture at the interface.
Role of cross-sectional imaging techniques
Cross-sectional imaging studies such as MDCT, MRI, and PET/CT play an important role in the detection, characterization, and follow-up of ACTs. In patients with potential ACTs, the goal of imaging is to differentiate the components with high specificity so that a metastatic focus is not mistaken for a benign lesion, thus potentially altering the treatment course and increasing patient morbidity [2, 14] . MDCT is often the first modality utilized in detecting adrenal masses. Attenuation values on unenhanced and contrast-enhanced scans along with washout characteristics on delayed images are useful in differentiating potential benign and malignant components of an ACT [1] (Fig. 1) . MRI is indicated for characterization of adrenal masses that show atypical findings on MDCT; images obtained with chemical shift imaging and gadolinium-enhanced techniques are most useful in delineating various tumor components [4, 15, 16] . If ACTs remain indeterminate on CT and MRI, [ 18 F]fluorodeoxyglucose (FDG)-PET/CT can be performed to identify the metabolically active foci within these tumors, which are generally considered to be malignant [17] . Although each imaging modality has its Figure 1 A 52-year-old woman with a right adrenal collision tumor (ACT) composed of adenoma and metastases from breast carcinoma. Axial noncontrast computed tomography (CT) image shows low attenuating right adrenal mass (arrow) with a soft-tissue density nodule in the medial aspect (arrowhead). This lesion was proved to be an ACT on percutaneous CT-guided biopsy.
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strengths and weaknesses, the features demonstrated are cumulative in the accurate characterization of adrenal lesions.
MDCT
On MDCT, ACTs demonstrate imaging findings of two different neoplasms that show distinct pathologic features (Fig. 2 ). An ACT should be considered if a heterogeneous adrenal lesion has appreciable differences in attenuation, or a previously known benign neoplasm changes in appearance or increases in size on follow-up imaging (Figs. 3, 4 ). These findings are particularly important in patients with known malignancies, and should raise a high suspicion for a potential ACT [4, 11] . Intratumoral lipid content and washout characteristics after intravenous contrast administration can be exploited using MDCT to differentiate adenomatous components from malignant foci within the ACTs. It is generally accepted that an adrenal mass with an attenuation value of 10 HU or less is diagnostic of an adrenal adenoma, with a specificity of 9698% and sensitivity of 71% [1, 18] . The lower sensitivity is due to the fact that approximately 30% of adenomas are lipid poor, and contrast enhancement and washout characteristics are useful in differentiating these lesions from malignancy. Lipidpoor adenomas typically show relative percentage enhancement washout greater than 40% and absolute percentage washout greater than 60% [19, 20] . This phenomenon is due to the increased capillary permeability in malignant tumors, unlike adenomas with normal capillaries showing rapid contrast washout [16] . There are some limitations in using MDCT for the evaluation of ACTs. Subtle thickening of one of the limbs of adrenal gland, signifying the presence of metastatic disease, may not be detectable on CT imaging. In addition, while stability in tumor size is frequently thought to indicate benignity, hemorrhage in the mass may result in abrupt enlargement that may be considered as an indicator of malignancy [7, 18] . MRI and PET/CT are helpful in these patients for further characterization of ACTs.
MRI
MRI is able to characterize different components of an ACT. Chemical shift MRI with T1-weighted in-phase Figure 3 A 72-year-old man with heterogeneously attenuating left adrenal mass. Axial unenhanced (A) and axial, delayed-phase, contrast-enhanced CT (B) images show a mixed attenuating left adrenal mass containing peripheral low density (arrows) and central hyperdense component (arrowhead), which demonstrates enhancement on delayed imaging. This mass was pathologically proved to be an ACT composed of an adenoma and metastases from laryngeal carcinoma. and opposed-phase gradient-echo pulse sequences and gadolinium-enhanced images are the most useful sequences in the evaluation of adrenal lesions [21] . Chemical shift MRI allows differentiation of an adenoma from a malignant lesion by taking advantage of the presence of intracellular lipid within adenoma cells; benign adenomatous components show signal loss on opposedphase images, whereas metastatic components fail to show signal drop (Fig. 5) . This MR technique thus generally helps in distinguishing benign from malignant lesions, with a reported sensitivity and specificity of 81100% and 94100%, respectively [4, 7, 22] . However, volume averaging on opposed-phase images has the potential to artificially decrease signal intensity, which is problematic in characterizing small adrenal lesions with chemical shift MRI. In addition, this MR technique is also limited in characterizing lipid-poor adenomas and metastatic lesions with cytoplasmic lipid, such as from clear-cell renal cell carcinoma [21, 23] . Adenomas may have varying amounts of cytoplasmic fat, leading to a heterogeneous appearance on T2-weighted imaging. Adrenal cortical carcinoma and lymphoma can also have a heterogeneous appearance on T2-weighted imaging secondary to hemorrhage and necrosis. Pheochromocytomas typically show high signal intensity on T2-weighted images, described as the light bulb sign. Furthermore, metastatic lesions have an increased water content, which is manifested as increased T2-weighted signal. Metastases and pheochromocytomas have varying amounts of fat, however, leading to a more Figure 4 A 49-year-old woman with a known left adrenal adenoma, who developed right breast carcinoma that subsequently, metastasized to the left adrenal gland, resulting in the development of an ACT. Axial T1-weighted in-phase (A) and opposed-phase (B) magnetic resonance (MR) images show a nodule in the left adrenal gland, which is isointense on in-phase image and demonstrates signal drop on opposed-phase image (black arrow), consistent with an adrenal adenoma. (C) Axial contrast-enhanced CT image after 5 years demonstrates interval enlargement and heterogeneous enhancement of the left adrenal mass (white arrow), concerning for metastases from patients known breast carcinoma. This lesion was proved to be an ACT on histopathologic examination. (D) Axial T1-weighted opposed-phase MR image depicts heterogeneous left adrenal mass with foci of mixed high and low signal intensity, consistent with ACT (black arrowhead), which was proved subsequently on histopathologic examination.
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heterogeneous appearance. Given this overlap in histologic characteristics and their manifestations in T2-weighted MRI, early reliance on calculated T2 measurements to differentiate lesions did not prove satisfactory [7, 24] . Although MRI contrast enhancement and washout characteristics have been used for the characterization of adrenal masses, recent studies have demonstrated no significant difference in enhancement characteristics between benign and malignant adrenal lesions [2426] . More commonly, heterogeneity within an adenoma obviates the ability of contrast-enhanced MRI from definitely differentiating benign and malignant masses [15] . In addition, macroscopic fat of the myelolipomatous component of ACTs can be accurately depicted on fat-saturated sequences. Gadoliniumenhanced sequences, however, can be useful in the detection of hemangiomatous components of ACTs, which show hyperintensity on T2-weighted images, with peripheral nodular enhancement on arterial phase and gradual fill-in of contrast during portal venous and delayed phases.
PET/CT
Although CT and MRI techniques can provide useful information on the anatomic details of ACTs, FDG-PET has the added advantage of providing a noninvasive technique of yielding functional characteristics of these tumors [27] . A focus of increased FDG uptake in an ACT typically indicates the presence of malignancy, and allows the differentiation of malignant and benign components in ACTs (Fig. 6A, B ) [5] . While adrenal inflammatory conditions, endothelial cysts, some adenomas, and periadrenal abnormalities can lead to a 5% false-positive interpretation, FDG uptake in adrenal lesions is generally considered malignant when uptake is greater than liver uptake [7, 17] . The use of coregistered PET/CT offers a hybrid technique that integrates the attenuation and morphologic detail of CT with the metabolic information from PET, allowing easier location and analysis of increased FDG activity. This synergism, in turn, enables confident location of malignant foci within an ACT (Fig. 6C ) [17, 28, 29] . Occasionally subtle thickening of the adrenal gland may harbor metastases, which can be depicted on PET/CT and also helps in guiding percutaneous biopsy. Multiple studies have reported high sensitivity (94100%) and specificity (80100%) of FDG-PET in differentiating benign and malignant adrenal lesions [29, 30] . Metser et al. [31] reported increased sensitivity from 99% to 100%, specificity from 92% to 98%, and accuracy from 94% to 99% in differentiating benign and malignant adrenal lesions when CT findings were combined with PET findings. However, mild to moderately metabolically active adenomas may show increased FDG uptake and thus mimic malignancy, and hemorrhage and necrosis within a malignant lesion can be interpreted as benign [7] . PET/CT is also not recommended for adrenal lesions smaller than 1 cm, as uptake in smaller lesions is typically less and cannot be accurately distinguished from normal tissue [14] .
Percutaneous biopsy
Despite the success of noninvasive cross-sectional imaging techniques in accurately characterizing adrenal lesions, a small subset of tumors remains indeterminate and percutaneous biopsy is necessary. Image-guided percutaneous biopsy of the adrenal lesions has been performed to detect metastatic disease in patients with adrenal lesions and an extra-adrenal primary malignancy. The reported accuracy and sensitivity of percutaneous biopsy of adrenal metastases in patients with a known primary lesion is 8396% and 90%, respectively [9, 14] . However, the accuracy and sensitivity of biopsy in diagnosing the presence of a metastatic focus within ACTs has not yet been established, owing to the rarity of this entity. If the possibility of a collision tumor within a heterogeneous adrenal mass is not entertained, biopsy of only the benign component can lead to misdiagnosis and, thus, inappropriate patient management. Recognition of an ACT is necessary to ensure proper sampling of the suspected components based on imaging findings. CT guidance should be utilized during biopsy of ACTs to ensure samples from the most suspicious region or of each region with different imaging features, thus increasing the yield of the biopsy. An important consideration when planning a percutaneous biopsy of an ACT is the potential for pheochromocytoma to be a component of the lesion. There have been thus far 10 reported cases of ACTs with a pheochromocytoma component in the literature [3234] . Biopsy of pheochromocytoma is relatively contraindicated, given the potential for catecholamine secretion and the subsequent risk of hemodynamic instability, hypertensive crisis, uncontrolled hemorrhage, and possible death following tumor manipulation. Screening for excess catecholamine secretion can obviate these potential adverse outcomes [14, 35, 36] . Furthermore, it is generally accepted that while a positive adrenal biopsy result rules in a malignant process, a negative result does not definitively exclude malignancy [37] . Given this uncertainty, an ACT may be surgically removed, either upon initial diagnosis or if the lesion has demonstrated increased growth on follow-up imaging [4, 9] .
Mimics of ACTs
Heterogeneous adrenal lesions with imaging characteristics of two separate pathologic processes do not necessarily represent collision and/or composite tumors. Intralesional hemorrhage, fibrosis, or fatty change in an adrenal neoplasm can mimic an ACT. Although malignant tumors have an increased propensity to bleed, any adrenal lesion is subject to intratumoral hemorrhage, particularly as they increase in size. Hemorrhage within adenomas is a very rare, and only a few cases of hemorrhagic degeneration within a hypervascular adrenal adenoma have been reported [38] . Adrenal masses with intratumoral hemorrhage typically present as heterogeneous masses with different attenuation values on MDCT, and mimic ACTs (Fig. 7) . In addition, periadrenal fat stranding may also be identified. CT findings mainly depend on the age of the hemorrhage, presence of necrosis, and cystic degeneration. MRI and PET/CT are extremely helpful for further characterization and avoiding unnecessary percutaneous biopsy. Hemorrhagic components of an adrenal lesion may demonstrate heterogeneous signal intensities on MRI depending on the age of the hematoma, and typically show no enhancement after contrast administration (Fig. 7) . FDG-PET/CT demonstrates no increased uptake within hemorrhagic components, which differentiates it from malignancy within an ACT (Fig. 8) . Follow-up MRI is indicated in 3 months in cases of adrenal lesions suspicious for hemorrhage, prior to attempting percutaneous biopsy of such lesions. Indicators of intralesional hemorrhage on repeat imaging are interval decrease in tumor size and change in morphology (Fig. 7 ) [39] .
Fibrosis within an adrenal adenoma can also mimic ACTs. Large adenomas can undergo fibrotic degeneration, which typically appears as a hypoattenuating mass with a focus of high density [40] . The fibrotic region should not enhance after contrast administration on CT or MRI, nor be associated with uptake of FDG. Intralesional fatty degeneration within adrenal masses may also mimic ACTs; lesions treated with percutaneous radiofrequency ablation may show macroscopic fat at a later time and may be confused with an ACT (Fig. 9) . In addition, juxta-adrenal masses can mimic ACTs in the presence of an ipsilateral intra-adrenal mass. Threedimensional reconstructions and reformatted images in multiple planes obtained with MDCT and MRI can help differentiate an adrenal mass from a juxta-adrenal lesion [40] .
Conclusions
ACTs are rare. Advanced cross-sectional imaging techniques including MDCT, MRI, and PET/CT can help identify and characterize ACTs. MRI is especially useful in tumors with microscopic fat and intralesional hemorrhage. In some cases, percutaneous biopsy may still be necessary for definitive characterization. When planning for biopsy of a heterogeneous adrenal mass, the possibility of an ACT should be considered so as to appropriately sample the lesion, as proper tissue diagnosis is critical for staging and treatment. In addition, interval hemorrhage, fibrosis, or fatty change within a pre-existing adrenal mass may mimic ACTs on imaging. It is important to recognize this possibility and further characterize these lesions, as short-interval follow-up is appropriate, rather than percutaneous biopsy. Knowledge of imaging Axial contrast-enhanced CT image in a 43-yearold man shows a right adrenal lesion containing fat and soft-tissue density rim mimicking ACT (arrow). This patient was a known case of adrenal metastases treated with radiofrequency ablation, resulting in the development of intralesional fat and a thick soft-tissue rim.
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findings of different ACTs and their mimics is helpful in guiding optimal patient care.
